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PLACENTAL INSUFFICIENCY IS ONE OF THE CAUSES of intrauterine growth restriction (IUGR), with effects on adult vascular function (15, 18, 19, 39) . A reduction in the supply of nutrients and oxygen to the fetus mediated via placental insufficiency can induce IUGR and program hypertension and alter responsiveness to vasoconstrictors in male growth-restricted rats (2, 28, 39, 40) . Several regulatory systems have been linked to the increased vasoconstrictor response observed in experimental models of hypertension associated with IUGR (6, 15, 29, 41) ; however, the exact mechanistic pathways are still poorly understood.
We utilize a rat model of placental insufficiency induced by reduction in uterine perfusion during late gestation to investigate the mechanisms underlying the developmental origins of hypertension (2) . This model of placental insufficiency results in growth-restricted rats that develop hypertension with sexspecific differences (2, 23, 24) . Previously, we reported that adult male growth-restricted rats are hypertensive, whereas female growth-restricted rats are normotensive (2) . Gonadectomy completely abolishes hypertension in male growth-restricted rats (24) . In female growth-restricted rats, hypertension is induced by gonadectomy and reversed by hormone replacement with estradiol (23) , indicating a key role for sex hormone involvement. Male growth-restricted rats exhibit an enhanced sensitivity to acute angiotensin II (Ang II) that is androgen dependent (27) ; gonadectomy induces enhanced Ang II sensitivity in female growth-restricted rats (26) . Thus, these data indicate that testosterone is permissive in the programming of hypertension and enhanced sensitivity to acute Ang II in male growth-restricted rats, whereas estradiol is protective against the programming of cardiovascular risk in female growthrestricted rats. Sex differences in blood pressure and impaired vascular function are observed in several different models of compromised fetal growth related to later increased cardiovascular risk (19, 42, 43, 45) . Yet the exact mechanism(s) responsible for mediating the sex difference in adult blood pressure and modulation of sensitivity to acute Ang II in growthrestricted rats remains unknown.
Despite an enhanced sensitivity to acute Ang II, no difference in renal Ang II type 1 receptor (AT 1 R) density is observed in male growth-restricted rats relative to male controls (9) . The male New Zealand genetically hypertensive (NZGH) rat also exhibits a potentiated sensitivity to Ang II that is not associated with a change in renal AT 1 R expression (33) . Similar to male growth-restricted rats, sensitivity to Ang II in the male NZGH rat is also androgen dependent (33) . Inhibition of Rho kinase suppresses the differential effects of acute Ang II on blood pressure and renal vascular resistance in the male NZGH rat, indicating that activation of the Rho kinase pathway contributes to androgen-mediated hypersensitivity to acute Ang II in this genetic model of hypertension (33) . Therefore, one aim of this study was to test the hypothesis that post-AT 1 R signaling mediated via Rho kinase contributes to the enhanced pressor response to acute Ang II in male growth-restricted rats. Whether the vasoprotective effects of estradiol are mediated via inhibition of the RhoA/Rho kinase pathway is not clear (5, 7, 14) . Thus, the second aim was to determine the importance of the Rho kinase pathway in mediating enhanced sensitivity to acute Ang II in female gonadectomized growth-restricted rats.
METHODS

Animals.
All experimental procedures were conducted in accordance with National Institutes of Health Guidelines for the Care and Use of Laboratory Animals and with approval by the Animal Care and Use Committee at the University of Mississippi Medical Center. Timed pregnant Sprague-Dawley rats were purchased from Harlan Laboratories (Indianapolis, IN) and housed in a temperature-controlled room (23°C) with a 12:12-h light-dark cycle with food and water available ad libitum. On day 14 of gestation, rats destined for reduced uteroplacental perfusion underwent reduced uterine perfusion surgical procedure. Control pregnant rats underwent a sham surgical procedure, as described below. All dams delivered at term (21-22 days of gestation), with birth weight recorded within 12 h of delivery. Forty-eight hours after birth, offspring in each litter were culled to eight pups per dam to ensure equal nutrient access for all offspring. Animal weights were recorded twice per week; pups were weaned at 3 wk of age. Male and female offspring from eight control pregnant and 10 reduced-uterine perfusion pregnant litters were assigned randomly into eight groups: male control intact, n ϭ 6; male IUGR intact, n ϭ 6; male control gonadectomized, n ϭ 6; male IUGR gonadectomized, n ϭ 6; female control intact, n ϭ 6; female IUGR intact, n ϭ 6; female control gonadectomized, n ϭ 6; and female IUGR gonadectomized, n ϭ 6. To block the endogenous production of Ang II and normalize blood pressure in all groups, animals were treated with enalapril 1 wk before measurement of systemic and renal hemodynamics. Systemic and renal hemodynamic parameters were measured in all rats during baseline, an acute infusion of Ang II, and an infusion of Ang II plus fasudil. All animals undergoing surgical procedures were anesthetized using 2-5% isoflurane by inhalation. All experimental end points were measured at 16 wk of age to ensure complete passage through puberty and into adulthood.
Reduced uterine perfusion in the pregnant rat. Reduced uteroplacental perfusion, as described previously (2), was utilized for induction of IUGR. Briefly, on day 14 of gestation, a silver clip (0.203 mm ID) was placed around the lower abdominal aorta above the iliac bifurcation. Since compensation of blood flow occurs through an adaptive increase in ovarian blood flow, a silver clip was slipped around each branch of the ovarian arteries (0.100 mm ID), followed by closure of the incision in two layers, muscle and skin. Control dams were exposed to sham procedure, which involved opening of the abdominal cavity with visualization of the uterine horn and closure of the incision, as described previously (2) .
Gonadectomy in male and female rats. Male gonadectomy was performed as described previously (24) . Briefly, at 10 wk of age, a small median incision was made at the distal tip of the scrotum. Subcutaneous connective tissue was cleared, and the testes were visualized. The muscular sac of the testes was excised and exposed by gently pulling on the cauda epididymis. The blood vessels were tied and the vas deferens with the testes removed (gonadectomized males), followed by closure of the muscle and the skin. The sham operation involved exposure of the testes without isolation and removal. Female gonadectomy was performed as described previously (23) . Briefly, the procedure was performed at 10 wk of age with the skin prepared for aseptic surgery, followed by a dorsal incision. The dorsal musculature was incised, and the ovaries were visualized. In the gonadectomized group, the ovarian vessels were tied off and the ovaries removed (gonadectomized females). The sham operation involved a dorsal midline incision followed by visualization of the ovaries without removal. The incision was closed in two layers, muscle and skin.
Drug administration. The angiotensin converter enzyme (ACE) inhibitor enalapril (40 mg·kg Ϫ1 ·day Ϫ1 ; Sigma-Aldrich, St. Louis, MO) was administered in the drinking water from 15 to 16 wk of age at a dose previously shown to block the endogenous production of Ang II in the rat (27) . Water consumption was monitored daily for the duration of the treatment period. At 16 wk of age, the rats received a 30-min infusion of each of the following: 1) 0.9% saline solution, 2) Ang II (Sigma-Aldrich) at a dose of 100 ng·kg Ϫ1 ·min Ϫ1 in 0.9% saline solution, and 3) Ang II at a dose of 100 ng·kg Ϫ1 ·min Ϫ1 plus fasudil (Sigma-Aldrich) at a dose of 33 mg·kg Ϫ1 ·min Ϫ1 in 0.9% saline solution. The order of infusion of Ang II and Ang II plus fasudil was interchanged in a subset of rats to ensure that preadministration of Ang II did not alter the pressor response to coadministration of Ang II plus fasudil. Systemic and renal hemodynamic parameters were measured during each 30-min infusion period. Blood pressure values were allowed to return to baseline between each infusion during 0.9% saline solution infusion.
Measurement of systemic and renal hemodynamics. As described previously (22) during isoflurane anesthesia, rats were surgically instrumented with flexible catheters (PE 50 tubing) in the right jugular vein for infusion and in the right carotid artery for measurement of arterial pressure and collection of blood; the bladder was instrumented with a flexible catheter (PE 90 tubing) for collection of urine. All catheters were tunneled to the nape of the neck and exteriorized. Renal function and arterial pressure measurements were performed in the conscious state after a 24-h recovery phase. Mean arterial pressure (MAP) was monitored in conscious, chronically instrumented rats via connection of the arterial catheter to a pressure transducer and a data acquisition kit (DATAQ Instruments, Akron, OH) with a computer for continuous recording. Glomerular filtration rate (GFR) and effective renal plasma flow (ERPF) were calculated from radioactivity of [ 125 I]iothalamate and concentration of para-aminohippuric acid, respectively, in plasma and urine. Renal vascular resistance (RVR) and filtration fraction (FF) were calculated as RVR ϭ (MAP/ERPF) ϫ (1 Ϫ hematocrit) and FF ϭ (GFR/ERPF), respectively. Data were collected for 30 min each during the baseline clearance, during the acute infusion of Ang II, and during Ang II plus fasudil for comparison between groups.
Statistics. GraphPad Prism version 5 and IBM R SPSS Statistics version 19 were utilized for all statistical analysis. Comparisons made between groups utilized ANOVA, with adjustment for multiple comparisons. Bonferroni's post hoc test was utilized for multiple comparisons. The general linear model (GLM-SPSS) univariate with threeway interactions was used to calculate interactions related to birth weight, gonadectomy, and treatment with fasudil in males and females separately. Statistical significance of interaction was set with P Ͻ 0.05 or lower. The sample size for all experiments was calculated to attain a statistical power of Ն0.85.
RESULTS
Birth weight, body weight, kidney weight, and water consumption.
Birth weight was significantly reduced in growth-restricted male (5.30 Ϯ 0.2 vs. 6.25 Ϯ 0.1 g, P Ͻ 0.05) and female rats (5.00 Ϯ 0.1 vs. 5.96 Ϯ 01 g, P Ͻ 0.05) compared with their control counterparts. At 16 wk of age, body weight did not differ upon comparison between same-sex groups. Male rats were significantly heavier than females in the control and growth-restricted groups (Table 1) . Kidney weight and the kidney/body weight ratio at 16 wk of age did not differ upon comparison between same-sex groups. However, male rats had larger kidneys compared with female rats in both the control and growth-restricted groups. (Table 1 ). Water consumption was monitored daily during the administration of the ACE inhibitor enalapril, and the average daily volume did not differ between same-sex growth-restricted vs. control groups. (Table  1 ). Gonadectomy had no significant effect on body weight, kidney weight, or water intake among groups (Table 1) .
Systemic hemodynamic: MAP. Under baseline conditions following chronic treatment with the ACE inhibitor enalapril, MAP was similar between same-sex control and growth-restricted rats, intact or gonadectomized (Fig. 1, A and B) . Intact male growth-restricted rats exhibited an enhanced pressor response or a significantly greater increase in MAP in response to an acute infusion of Ang II (⌬MAP from baseline: 58 Ϯ 2 mmHg) compared with intact male controls (⌬MAP from baseline: 41 Ϯ 3 mmHg) (Fig. 1A) . Gonadectomy significantly attenuated the pressor response to an acute infusion of Ang II in male control (⌬MAP from baseline: 15 Ϯ 2 mmHg) and male growth-restricted rats (⌬MAP from baseline: 15 Ϯ 3 mmHg), abolishing the differential pressor response to acute Ang II observed in intact male rats (Fig. 1A) . However, MAP remained significantly elevated relative to the baseline counterpart. Coinfusion of the Rho kinase inhibitor fasudil with acute Ang II attenuated the blood pressure response in intact male control (⌬MAP from baseline: 19 Ϯ 3 mmHg) and intact male growth-restricted rats (⌬MAP from baseline: 35 Ϯ 8 mmHg) (Fig. 1A ). Yet the blood pressure response to acute Ang II remained enhanced in intact male growth-restricted rats relative to intact male control rats. Coinfusion of fasudil in gonadectomized males completely abolished the blood pressure response to acute Ang II, returning MAP to baseline levels (Fig. 1A) .
Intact female control and intact female growth-restricted rats demonstrated similar blood pressure responses to an acute infusion of Ang II (Fig. 1B) . However, the blood pressure response to acute Ang II was enhanced or significantly greater in gonadectomized female growth-restricted rats (⌬MAP from baseline: 49 Ϯ 3 mmHg) compared with gonadectomized female control rats (⌬MAP from baseline: 25 Ϯ 3 mmHg) (Fig. 1B) . Coinfusion of fasudil with acute Ang II abolished the increase in MAP above baseline in female control, intact or gonadectomized, and intact female growth-restricted rats (Fig.  1B) . However, coinfusion of fasudil with acute Ang II had no inhibitory effect on the blood pressure response in gonadectomized female growth-restricted rats (⌬MAP from baseline: 49 Ϯ 10 mmHg) (Fig. 1B) .
The general linear model (GLM-IBM R , SPSS) with threeway interaction showed statistically significant effects of birth weight (P Ͻ 0.014, F ϭ 6), gonadectomy (P Ͻ 0.000, F ϭ 29), and treatment with fasudil (P Ͻ 0.000, F ϭ 43) on MAP in male growth-restricted offspring. However, only birth weight (P Ͻ 0.015, F ϭ 6) and gonadectomy (P Ͻ 0.000, F ϭ 47) showed a significant effect on MAP in female growth-restricted rats. Thus, these data indicate that activation of the Rho kinase signaling pathway contributes to the pressor response to acute Ang II in intact male growth-restricted offspring but not in gonadectomized female growth-restricted offspring. The complete elimination of the pressor response in gonadectomized male growth-restricted offspring suggests a synergistic effect of androgen and Rho kinase in male growth-restricted rats.
Renal hemodynamics: GFR, effective renal plasma flow, RVR, and FF. GFR normalized by kidney weight did not differ significantly upon comparison of same-sex groups at baseline (Fig. 2 , A and B). In response to an acute infusion of Ang II, the reduction in GFR normalized by kidney weight was significantly greater in intact growth-restricted male rats and gonadectomized female growth-restricted rats compared with their same-sex control counterparts (Fig. 2, A and B) . Cotreatment with fasudil did not restore GFR normalized to kidney weight in intact male growth-restricted rats ( Fig. 2A) or gonadectomized female growth-restricted rats (Fig. 2B) . ERPF was similar under baseline conditions in same-sex groups (Fig. 3, A and B) . However, the reduction in ERPF was greater in intact male growthrestricted rats (Fig. 3A) and gonadectomized female growthrestricted rats compared with their same-sex control counterparts (Fig. 3B) . ERPF remained reduced relative to its control counterpart in gonadectomized male rats (Fig. 3A) and gonadectomized female growth-restricted rats cotreated with fasudil (Fig. 3B) . RVR did not differ upon comparison of same-sex groups at baseline (Fig. 4, A and B) . In response to acute Ang II, RVR was increased significantly in all groups relative to their same-sex baseline counterparts (Fig. A and B) . However, the increase in RVR was enhanced in intact male growthrestricted rats (Fig. 4A) and gonadectomized female growthrestricted rats (Fig. 4B) relative to their same-sex counterparts. Cotreatment with fasudil attenuated the increase in RVR in intact male growth-restricted rats, but it did not abolish the enhanced response (Fig. 4A) . Cotreatment with fasudil in gonadectomized male rats abolished the increase in RVR above baseline, but RVR remained elevated relative to their male control counterparts (Fig. 4A) . Cotreatment with fasudil did not alter the marked increase in RVR in gonadectomized female growth-restricted rats relative to other female groups (Fig. 4B) . FF did not differ upon comparison of same-sex groups during baseline, acute infusion of Ang II, or cotreatment of Ang II with fasudil (Fig. 5, A and B) .
DISCUSSION
Activation of the RhoA/Rho kinase pathway via the AT 1 R is indicated to play a critical role in Ang II-induced vasoconstriction (10, 20, 38) . Androgens can potentiate Ang II-induced renal responsiveness via upregulation of the Rho kinase signaling pathway (34) through a mechanism that may involve activation of specific factors such as Arhgef1 (10) . As reported previously, hypertension in male growth-restricted rats is androgen dependent (24) ; moreover, male growth-restricted rats exhibit an enhanced responsiveness to acute Ang II (27) . Thus, one aim of this study was to determine whether Rho kinase contributes to the potentiated pressor response to acute Ang II in male growth-restricted rats. Novel findings from this aim indicated that inhibition of Rho kinase using the inhibitor fasudil significantly reduced the blood pressure response to an acute infusion of Ang II in intact male growth-restricted rats. However, inhibition of Rho kinase by the inhibitor fasudil did not abolish the differential blood pressure response, indicating that the impact of IUGR on MAP in male rats is independent of Rho kinase. Gonadectomy in combination with inhibition of Rho kinase normalized the enhanced blood pressure response to acute Ang II in male growth-restricted rats relative to control counterparts, and yet enhanced alterations in GFR and RVR to acute Ang II were not abolished. Thus, this study indicates a synergistic effect of testosterone with the actions of fasudil on blood pressure in male growth-restricted rats. However, the significant increase in RVR and the decrease in GFR that persisted in gonadectomized male growth-restricted rats treated with fasudil in the absence of an increase in blood pressure suggest that enhanced renal sensitivity to acute Ang II may contribute to the developmental programming of hypertension in male growth-restricted rats.
The second aim of this study was to determine the involvement of the Rho kinase pathway in mediating the enhanced pressor response and renal sensitivity to acute Ang II in female gonadectomized growth-restricted rats. The findings from our second aim indicated that inhibition of Rho kinase abolished the increase in blood pressure above baseline in response to acute Ang II in intact female growth-restricted rats, a response not observed in intact male growth-restricted rats. Moreover, unlike the reduction in blood pressure observed in intact male growth-restricted rats, blockade of Rho kinase did not alter the blood pressure response to acute Ang II in gonadectomized female growth-restricted rats. Sex differences in blood pressure are reported in many experimental models of hypertension (31) , and yet the mechanisms involved remain unknown. Few studies have investigated the role of Rho kinase in mediating sex differences in blood pressure and vascular reactivity (35) . Hypertension induced by ovariectomy in the female SHR is associated with central activation of Rho kinase, suggesting that modulation of postreceptor signaling mediated via estrogen in this genetic model of hypertension mediates alterations in blood pressure control (14) , and yet the sex-specific contribution of Rho kinase to vascular function is not clear. Vasoprotective actions of estrogen via inhibition of the RhoA pathway are implicated at the vascular level in female mice (7). However, glucose-mediated relaxation responses do not involve Rho kinase in female rats (8) , and vascular dysfunction in a model of type 1 diabetes involves a greater contribution via Rho kinase in male vs. female rats despite no change in expression of Rho kinase or RhoA, a critical activator of Rho kinase (21) . Renal vascular hyperresponsiveness to acute Ang II is observed in several models of developmental programming of health and disease (29) , and yet the mechanisms involved are multifaceted and differ based on developmental insult. A reduction in endothelial nitric oxide buffering capacity contributes to enhanced Ang II-mediated vasoconstriction in a model of early-life stress (17) . However, blockade of endothelial nitric oxide synthase activity does not alter the enhanced vascular reactivity to acute Ang II in male rats exposed to nicotine during fetal life (45) . Alterations in expression of the vascular AT 1 R and postreceptor signaling are indicated to contribute to greater vascular reactivity to acute Ang II in male rats following prenatal nicotine exposure (44) . Moreover, enhanced vascular reactivity to acute Ang II following prenatal nicotine is mediated via a NADPH oxidase (Nox2)/gp91-dependent mechanism, which is indicative of increased oxidative stress (44) . Reactive oxygen species (ROS) are important regulators of Rho kinase pathway activation (36) . Recent studies from our laboratory demonstrate that basal and NADPH oxidasedependent superoxide production are elevated in male growthrestricted rats, with a role for oxidative stress indicated in the etiology of male IUGR hypertension (25) . Whether oxidative stress contributes to the enhanced responsiveness to acute Ang II in male growth-restricted rats is not yet known. However, treatment with fasudil did not restore renal or systemic hemodynamics to baseline values in intact male growth-restricted rats following acute Ang II, suggesting that upregulation of Rho kinase via an increase in ROS per se is not the putative mechanism responsible for enhanced sensitivity to acute Ang II in male growth-restricted rats. Oxidative stress is not elevated in intact female growth-restricted rats (25) , indicating a sexspecific role for oxidative stress in the programming of hypertension in IUGR offspring. Whether oxidative stress contributes to hypertension or enhanced sensitivity to acute Ang II induced by gonadectomy in female growth-restricted rats is not yet known. However, numerous animal studies indicate that oxidative stress plays a greater role in mediating hypertension in male rats in experimental models of hypertension relative to their female counterparts (16) , suggesting that an increase in oxidative stress may not be an important contributor to the enhanced sensitivity to acute Ang II observed in gonadectomized female growth-restricted rats. In this study, a sex difference in the blood pressure response to acute Ang II in the presence of Rho kinase inhibition was observed in intact growth-restricted rats. Whereas blockade of Rho kinase restored blood pressure and RVR back to baseline in response to acute Ang II in intact female growth-restricted rats, the increase in blood pressure and RVR remained potentiated above baseline in intact male growth-restricted rats. This finding would suggest that intact female growth-restricted offspring were more sensitive to inhibition of Rho kinase compared with their male counterparts, an effect that was abolished by gonadectomy in the female growth-restricted rat. However, gonadectomy did not induce a male growth-restricted phenotype per se in the female growth-restricted rat. Fasudil reduced the blood pressure response to acute Ang II in male rats, intact or gonadectomized, and yet fasudil had no effect on blood pressure in female gonadectomized growth-restricted rats. It is well established that the kidney plays an important role in the long-term control of blood pressure through pressure natriuresis, whereby changes in renal perfusion pressure alter sodium and water homeostasis (11) . The pressure natriuresis relationship is sex specific (13) , and responsiveness to acute Ang II is greater in the males than the females (32) . The mechanisms involved have not yet been elucidated. However, findings from this study suggest that sex-specific sensitivity to Rho kinase may contribute to the sex difference in the blood pressure response to acute Ang II in growth-restricted rats.
Sex differences in Ang II sensitivity are not always associated with a reduction in circulating or renal levels of Ang II in females compared with males (35) . Moreover, the mechanisms that mediate the sex difference in the pressor response and renal vascular sensitivity to acute Ang II in growth-restricted rats may not involve only modulation of the pressor components of the renin-angiotensin system (RAS), such as the AT 1 R. The ACE2/Ang-(1-7) component of the RAS opposes the pressor actions of Ang II mediated via the classic Ang II/AT 1 R RAS pathway (4). Ang-(1-7) mediates its vasodilator actions via the Mas receptor (masR) (4) . Antagonism of the Ang-(1-7)/masR component of the RAS has a greater effect on renal vascular responses to acute Ang II in female vs. male rats (30) . Thus, modulation of the ACE2/ANG-(1-7) pathway may be one mechanism that contributes to sex difference in acute Ang II hyperresponsiveness in growth-restricted rats. Previous studies from our laboratory demonstrated that renal ACE2 expression and activity are elevated in intact female growthrestricted rats relative to intact female control rats (23) . Additionally, increases in renal ACE2 protein expression and ACE2 activity are abolished by gonadectomy in female growthrestricted rats (23,) indicating a potential role for modulation of ACE2 by ovarian hormone status in female growth-restricted rats. Thus, alterations in the ANG-(1-7)/masR pathway may contribute to the hyperresponsiveness to acute Ang II observed in gonadectomized female growth-restricted rats. The angiotensin type 2 receptor (AT 2 R) also opposes the pressor actions of the classic Ang II/AT 1 R (12). Despite similar expression levels of the AT 2 R in male and female mice, AT 2 R blockade enhances Ang II-induced renal vasoconstriction in female mice but not in males (37) . Thus, the AT 2 R may also be a potential mediator of the sex difference in acute hyperresponsiveness to acute Ang II in growth-restricted rats.
Numerous studies now indicate that developmental programming of hypertension and adult disease is associated not only with marked changes in structure, as evidenced by reductions in nephron number (1), but also with changes in the regulatory systems involved in the long-term control of blood pressure regulation such as the RAS and the sympathetic nervous system (3, 23, 24, 41) . Activation of the Rho kinase pathway contributed to the basic pressor response to acute Ang II in male rats, and yet Rho kinase activation was not the sole mediator of the enhanced pressor response to acute Ang II in male growth-restricted rats. The contribution of Rho kinase to renal vascular sensitivity to acute Ang II was altered by gonadectomy in female growth-restricted rats, indicating the important role for sex hormones and modulation of the RAS in IUGR-induced hypertension.
In conclusion, hypertension is one of the most modifiable risk factors for cardiovascular disease. However, the multifactorial etiology of hypertension remains one of the most challenging components in the treatment of essential hypertension. Recent studies indicate that management of hypertension may vary by the sex of the patient. The Rho kinase pathway is a key
